Abstract. In this paper, we have considered the four-contact method for measurements of the specific contact resistivity of the ohmic contacts (ρ c ). The presented method for measuring ρ c has been compared with several other methods. Limits of applying this method have been shown.
Introduction
Creation of new semiconductor devices and improvement of existing parameters are impossible without reducing the resistance of the ohmic contacts. The main parameter that characterizes the ohmic contact is the specific contact resistivity ρ c . In the case of high resistance of the metal-semiconductor contact, when a device operates, an additional heating occurs in the contact, which negatively impacts on the reliability and efficiency of the device. It is particularly harmful for powerful high-frequency devices. To minimize heating, it is necessary to reduce ρ с of the ohmic contact. With decreasing the ρ с value, the requirements to the accuracy of determining the specific contact resistivity increase. Promising materials for development of high-power microwave devices are semiconductor compounds A 3 B 5 such as GaN, InN, InP, etc. The effective use of these semiconductor materials and increase of the power of microelectronic devices being based on them are impossible without creating reliable heat-resistant ohmic contacts.
Ohmic contact and its resistance
For measuring the contact resistance, both vertical and planar test structures may be used. In the most complete manner, the existing methods were considered in the work [1] . In response to the direct measurement, there can be obtained a resistance usually presented as the sum of the resistances [2] :
where R is the measured resistance, R c -the contact resistance, R s -resistance of semiconductor, R Tresistance provoked by current spreading, R p -resistance probes and connecting conductors, R m -resistance of metallization.
Resistance of metallization, probes, connecting conductors, and resistance provoked by current spreading are often small values as compared to the resistance of semiconductor and that of the contact. If the contact resistivity is comparable to the resistance of semiconductor, R T and R p are infinitely small values in relation to R c . With further decreasing ρ с , account must be also taken of the values of the resistance provoked by current spreading and that of semiconductor R p .
In the case of a vertical test structure (Fig. 1a) , the impact of the current spreading is less than in the case of a planar structure (Fig. 1b) , that's why at first, more widely used were the methods using a vertical structure, among which the Cox-Strack method was most widely applied [1] . However, this method is not applicable in the case of contact structures to epitaxial films.
Application of a planar structure to study the specific contact resistivity is preferable because of the reduced number of processes is required to form a test structure. But when using a planar test structure, one should take account of the current spreading that can be characterized by the transfer length L T -the distance from the edge of the contact, near which the current decreases by e times [3] [4] [5] . It is determined by the equation [3] [4] [5] :
If the length of contact is longer than the transfer distance, the contact becomes infinite, and its resistance does not depend on the length. Since the entire contact area is not included into the passage of current, it complicates determining the ρ с value. If the contact length is less than the transfer distance, the total resistance is increased as a result of reducing the area of current passage, which must be considered when determining the specific contact resistivity. Accordingly, the effective area of the planar contact becomes less than the actual one.
In the case when the contact length is less than the width of the diffusion region in semiconductor, there observed an effect of the surface current spreading, and the measured total resistance increases to a value determined in the work [2] as follows: 
where k = W/(W-w) is the correcting parameter, wcontact width, W -width of the diffusion region. In these methods, both extrapolative and twocontact one, with a planar test structure [5] , the resistance caused by current spreading is not taken into consideration, which results in the increased error of measurements. One of the most easy-to-implement planar measurement methods is the four-contact method of ρ с measurements.
Principles of measuring ρ с by using the four-contact method
The method consists in measuring the voltage at equal distances between the current contacts ( Fig. 2) [1] . This method can be used if the transfer length is much larger than the contact size. Also, a necessary condition is L >> r, L >> t, where L is the contact length, t -thickness of the semiconductor film. Under these conditions, the contact resistivity is determined from the equation [6] :
Disadvantage of the method is that it is necessary to fulfill the condition L >> r that implies a significant gap between the contacts, which can result in the inability to determine the contact resistivity at a certain ratio ρ c /ρ s .
Due to simplicity of the test structure formation, this method is used for large transfer lengths.
In the case of using the four-contact method, the error of measurements of the specific contact resistivity can be determined using the partial derivative technique: The performed calculations have resulted in the dependence of the relative error of the measured contact resistance on the contact radius (Fig. 3) . As the obtained dependence illustrates, when increasing the radius of contact and increasing the ratio of the specific contact resistivity to the specific resistance of semiconductor, the measurement error is reduced.
Studied in the work [7] was the effect of microwave treatment on the temperature dependence of the specific contact resistivity of the ohmic contacts Au(0.2 μm) -TiB x (0.1 μm) -Ge(0.04 μm) -Au(0.18 μm) -n(2 μm) -n + (3 μm) -n ++ (300 μm) -InP within the temperature range 100 to 400°C, which were obtained using the magnetron sputtering of metals and TiB x onto the InP surface heated up to 100°C. The specific contact resistivity was investigated by using the four-contact method before and after microwave treatment for 10 s at the frequency 2.45 GHz and power density 1.5 W/cm 2 . The radius of contacts was equal to 22.5 μm. Dopant concentration of n-InP was ~910 15 cm -3 in the n-layer, ~510 17 cm -3 in the n + -layer, ~10 18 cm -3 in the n ++ -substrate, the thickness of these layers was 2, 3, and 300 μm, respectively. Ohmic contacts to InP were formed during the RTA at T = 450°C. Fig. 4 shows the dependence of ρ с (Т) obtained in [7] before and after microwave treatment. As it follows from these curves, within the temperature range 80 to 220 K, the ρ с value changes not exceeding the measurement errors. With the temperature increase, the changes in the specific contact resistivity exceed the error of the measurement method.
Comparison of the measurement methods
Comparison of errors of measuring the specific contact resistivity was carried out in the work [8] . The errors were compared under the condition of lithography error ~2.5 μm close to an error produced in an industrial environment. For the Cox-Strack method, the plate thickness was 400 μm, for transmission line method (TLM) the semiconductor thickness was 7 μm, the width of the pads, as for the method of probing the interface, was 1000 μm.
If the ratio of the specific contact resistivity to the specific semiconductor one is equal to unity, the fourcontact method has a higher error than that in the methods of Cox-Strack, TLM, Kelvin, probing the interface. In the case of reducing the ratio ρ c /ρ s down to 0.01 cm, the error in measuring the specific contact resistivity takes the minimum values as compared with the abovementioned other methods.
Conclusions
In this work, we have considered the four-contact method of measuring the specific contact resistivity for planar geometry of pads. The performed calculations indicate the promising of using this method for measuring ρ с in the case of the ratio ρ c /ρ s ≤ 0.01 cm, provided that the requirements for the use of the fourcontact method are fulfilled.
